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SENSITIVITY OF MACROCYSTIS GAMETOPHYTES
TO COPPER

ABSTRACT

Gametophytes of giant kelp, Macrocystis pyrifera, were exposed to copper in a
dish-culture bioassay system. Through their development into gametophytes, newly re-
leased spores were exposed continuously to various concentrations of copper to deter-
mine its effect on vegetative growth. In addition, gametophytes of different ages were
exposed continuously to copper to determine the sensitivity of several developmental
stages to copper and the effect of copper on the production of gametes. A one-week
pulsed-exposure experiment was performed to determine the recovery period for vegeta-
tive growth.

A counting procedure was developed, using a variation of the line-intercept
method, to monitor the three-dimensional growth of the gametophytes. In experiments
using copper spikes of less than 50 ppb, water samples were analyzed by differential
pulse anodic stripping voltammetry to determine the content of labile copper.

Complete inhibition of growth occurred when gametophytes were exposed con-
tinuously to copper concentrations of 500 ppb or more. Vegetative growth was inhib-
ited significantly by continuous exposure to 50 ppb copper; the production of eggs by
female gametophytes was inhibited by spikes of 30 ppb copper, of which | ppb was
ASV-labile. The growth of 1-, 2-, and 5-wk-old gametophytes was inhibited significantly
by a 1-wk exposure to 100 ppb copper. The spiked cultures required 2 to 3 wk to re-
cover from pulsed exposures to concentrations between 50 and 200 ppb copper.

INTRODUCTION

The total copper concentration in seawater
is neither static nor uniform. Variations in the
reported concentration of copper can result
from several sources. The water mass that is
sampled and the mixing conditions at the time
of the sampling (Slowey and Hood, 1971), as
well as the proximity of the site to particular
land masses (Boyle and Edmond, 1975) can in-
fluence copper concentration. Site location
near a region of upwelling (Knauer and Martin,
1973) also can affect the obtained measure-
ment. The amount of organic material and
whether it is particulate or colloidal can affect
the amount of metal held and detected at the
surface (Slowey and Hood, 1971; Chester and
Stoner, 1974; Morris, 1974; Helz, Hugget, and

Hill, 1975). How effectively a particular ion
competes with other ions for a binding site on
a ligand also may influence its speciation and,
ultimately, its position in the water column
(Seeley and Hart, 1974; Morris, 1974).
World-wide measurements of the total cop-
per concentration in sea water—as distinguished
from the concentration of soluble or ionic cop-
per and particulate or chelated copper—range
from less than | to 3 ppb copper (Spencer and
Brewer, 1969; Boyle and Edmond, 1975).
Measurements of copper taken along the Cali-
fornia coast vary from 0.5 to 6.0 ppb, as deter-
mined by Dorband (1975), or from 1.0 to 1.7
ppb, as recorded by Knauer and Martin (1973).
The background copper level for the influent



cooling waters at the Diablo Canyon power
plant ranges from | to 3 ppb total copper (Mar-
tin, Stephenson, and Martin, 1974).

Copper and Algae

Naturally occurring copper is an important
micronutrient for marine algae. A specific
growth requirement for copper has been dem-
onstrated both in Chlorella vulgaris and in
Oocystis marssonii (Manahan and Smith, 1973),
supporting the argument that the availability of
metal micronutrients directly influences the
cycles of phytoplankton growth (Neilsen and
Wium-Anderson, 1970; Dunstan, 1975). Analy-
sis of the metal content of brown algae indi-
cates that, in polluted and unpolluted water,
these plants accumulate metal ions both active-
ly and passively (Yamamoto and Ishibashi,
1972; Bryan and Hummerstone, 1973). This
accumulation provides algae with an important
reserve of metallic components.

Copper and other metals that, in micro-
quantities act as growth stimulants, depress
growth in high concentrations (Nielsen and
Wium-Anderson, 1970). The use of copper sul-
phate to depress algal blooms in eutrophic
lakes is well documented (Hutchinson, 1957).
In addition, elevated copper levels have been
blamed for abalone deaths observed near the
Diablo Canyon outfall (Martin, 1974).

Despite the foregoing, it is not adequately
descriptive to define the copper toxicity as an
interference with life processes. To date, con-
siderable research has been devoted to measur-
ing total copper concentration in seawater to
evaluate how much metal the plants “see.”
However, it is not just the total concentration
of copper, but also the chemical form of the
metal (ionic or chelated) that influences copper
toxicity. Khailov (1964) demonstrated that the
medium in which several types of unicellular
algae were grown had an increased ability to
complex copper ions by hydrogen bonding to
nonprotein-peptide fractions of yellow-stained
compounds, thus decreasing the concentration
of available copper. Humic substances were
found to stimulate the growth of three Gony-
aulax species; this was attributed partially to
the chelation of metallic components in the
test medium by these organic extracts (Prakash
and Rashid, 1968). Experiments using “ctocar-
pus siliculosus, grown in media with and with-
out the chelating agent Na2EDTA, showed that
growth supression occurs at lower copper con-

centrations when an inorganic medium is used
than when the medium contains a chelator
(Morris and Russel, 1973).

Copper Toxicity to Algae

Laboratory testing of copper toxicity has
focused mainly on the effects observed in uni-
cellular algae. Because much of what is known
about the action of copper in an algal system
comes from experiments on a single type of
photosynthetic and physiological make-up
(e.g., Chlorophyta, Bacillariophyta), conclu-
sions drawn from these studies are not directly
applicable to plants with different characteris-
tics (e.g., Phaeophyta). However, the copper
toxicity response in algae probably follows a
similar mode of action in all plants.

In relatively low concentrations, ionic cop-
per depresses photosynthesis. However, static
cultures of algae often can exude enough fixed
carbon to chelate the copper and thus effec-
tively alter the ionic content of the medium
(Neilsen and Wium-Anderson, 1970; Morris and
Russel, 1973; Overnell, 1975). The toxic re-
sponse of the organism to ionic copper is nei-
ther static nor uniform. Similar types of algae
respond very differently to the same concentra-
tion of metal ions (Jensen and Rystad, 1976);
also, the algae can exhibit different antagonistic
or synergistic toxic responses to combinations
of metal ions (Bryan, 1969; Sick and Windom,
1975). The toxic effect can vary even in a single
type of algae with the compound to which the
copper ion is complexed (Khobetev, etal,
1975).

The effects of copper on the growth and
photosynthesis of large groups of marine and
estuarine microalgae and the possible use of
these algae as indicator species have been the
subject of considerable research (Berland, 1976;
Erickson, 1970). Although certain genera or
classes of algae generally are found to be more
or less sensitive than others, there is a wide var-
iation in sensitivity to copper among members
of each taxonomic group. Some of this varia-
tion may result from the type of test medium
selected, but much variability can be ascribed
to the organisms themselves. Dinoflagellates,
for example, generally appear to be more sensi-
tive to copper than diatoms, although several
diatom species are at least as sensitive as the
dinoflagellates (Berland, 1976; Erickson, 1970).

Using two unicellular species, Thallassiosira
and Nannochloris, Sunda and Giullard (1976)



calculated that the inhibitory concentration of
ionic copper is between 10~9 and 10-11 M. Us-
ing Chlorella, Nielsen (1969) showed that the
primary effect of an exposure to 50 ppb copper
on the rate of photosynthesis is a decrease of
the maximum rate at light saturation. This tox-
ic effect can be reduced by the addition of
sodium and potassium ions, as well as by the
addition of citric acid, a weak chelating agent.
Using Dunaliella and Phaeodactylum, Overnell
(1975) demonstrated that increased adsorption
of copper on the cell wall results in increased
potassium loss from the cell; Overnell hypothe-
sized that this loss of potassium ions resulted
from a loss of cell membrane integrity.

Previous research on the copper toxicity in
macroscopic brown algae has focused mainly
on the effect of copper on growth (as measured
by weight or size increase) and on the metal
concentration in the plant tissue. Brown algae
are known to concentrate metals in proportion
to the concentration of the metals in the sur-
rounding medium. Bryan (1969) examined this
response in Laminaria digitata. Bryan found
that a copper concentration of 50 ppb causes a
reduction in the growth rate of zinc-exposed
plants and that 200 ppb copper is lethal to
these zinc-exposed specimens. Bryan also found
that, at a concentration of 500 ppb, copper
causes the rapid loss of accumulated zinc. One
explanation of this phenomenon may be that
copper binds to the alginate in the cell wall
more readily than does zinc. A second explana-
tion is that zinc solubilizes from the dead cell
material that is released by the copper-killed
cells.

Preston, etal. (1972) showed that Fucus
contained from 1.7 to 28.4 ppm dry weight of
copper; this represents a mean concentration
factor of 4.5 X 103 times the ambient water
concentration. By sampling and analyzing five
areas around the British Isles, Preston, etal.,
concluded that this alga would be a good indi-
cator species. Using a sampling regime in which
six sites were sampled eight times over one year,
Morris and Bale (1975) found that the concen-
tration of copper in Fucus vesiculosus in the
Bristol Channel ranged from 3.82 to 12.0 ppm
dry weight, representing concentration factors
from 1.0 to 1.6 X 104 times the ambient water
concentration, following the seaward-to-land-
ward gradient of increasing copper concentra-
tion.

Seeliger and Edwards (1977) measured the
copper content of the water and various algal

species, including Enteromorpha, Ulva, and
Fucus, and determined concentration factors
ranging from 0.36 to 1.83 X 104 times that of
ambient water thus exemplifying the ability of
these algae to concentrate copper.

Analysis of Macrocystis juvenile sporo-
phytes by x-ray fluorescence spectroscopy
showed copper content to be 0.0063 jugat. Cu/g
wet weight, a concentration ratio of 50.8 times
that of seawater (North, 1977). In his analysis
of mineral cycling in Macrocystis, Wort (1955)
could find no specific pattern of maxima and
minima for copper in the fronds and stipes of
this kelp.

Sensitivities of benthic macroalgae to cop-
per is a subject of increasing interest in the
search for biological indicator species. Early
work with Macrocystis includes the efforts of
Clendenning and North (1960) to discover the
effects of copper on the algal photosynthetic
capacity. Measured manometrically, they found
that the production of oxygen was inhibited
50% in 4 d by 100 ppb copper and that 60 ppb
copper reduced photosynthesis 30% in 48 h.

Morris and Russel (1973) used Ectocarpus
siliculosus as the test alga in a volumetric assess-
ment of the growth retardant effects of various
concentrations of copper up to 450 ppb. Wat-
son (1976) found that concentrations of 14.5
ppb ionic copper (defined as that portion bind-
ing to Chelex-100 resin) resulted in the produc-
tion of necrotic regions in the blades of Uha
lobata after 9 d exposure to copper-spiked
medium.

The range in the copper concentrations
that affect these macroalgae is seen to be quite
large. This suggests that the form of the toxi-
cant may be as important as the total concen-
tration of metal to which the alga is exposed.

Copper Toxicity to Macrocystis

Copper toxicity in Macrocystis has not yet
been fully investigated. This kelp is of major
economic interest to California. The adult
plants are harvested for their accumulated min-
erals to be used as food supplements and for
the alginate that is extracted from the cell walls.
Alginate is an important commercial polysac-
charide, consisting of blocks of 1,4 linked
D-mannuronic acid and L-glucuronic acid resi-
dues and alternating copolymer (Pigman, 1970;
Seeley and Hart, 1974), that is used as an emul-
sifier and stabilizer in food and as a chelating
agent and carrier in algicides and herbicides.



The living kelp forest is the habitat for
many commercial marine organisms, including
abalone and sport fishes. It serves as the source
of primary production or energy base on which
the rest of the kelp community—as well as the
proximal sandy beach community—depends
(Rosenthal, et al, 1974). As a result of its im-
portance, both directly and indirectly to the
economy and ecology of California, we selected
Macrocystis as the test alga.

Like all kelps, this alga reproduces by a
heteromorphic alternation of generations: the
diploid macroscopic stage alternates with a mi-
croscopic haploid phase (Fig. 1). Macrocystis
reproduces continuously, but because repro-
ductive blades seem to be especially susceptible
to loss or damage in winter, periods of infertil-

ity exist in patches of the kelp forest. We used
the early life stages of Macrocystis, spore and
gametophyte, to test the toxicity of copper to
this species. Previous experimental work with
this alga suggests that, in the early life stages,
there are certain ““critical periods” during which
the developing plant is more vulnerable to envi-
ronmental stress (Gherardini and North, 1972).
Each of the early stages of the alga were ex-
posed to defined concentrations of copper and
the toxic response was measured. For high cop-
per concentrations, the toxic response was re-
lated to the total copper concentrations. For
low copper concentrations, the toxic response
was defined in terms of the speciation of the

copper to which the plant had been exposed.

Sporophyll
Soral tissue
Mature
sporophyte Zoospores (In)
(2n)
Young
gametophytes
(In)
Immature
sporophyte
Hold fast
Developing
Antheridium gametophytes
(In)
Oogonium
containing
non-motile
Young
I sporophyte
(2n)
Motile
antherozoid

Fig. 1. The life cycle of Macrocystis pyrifera,
stage and the microscopic haploid stage.

Sporophyte (2n)
still attached
to gametophyte (In)

showing the heteromorphic alternation of generations between the macroscopic diploid



MATERIALS AND METHODS

Bioassay System

The dish-culture unit consisted of a Nitex
grid, punched with four holes, and a Teflon
ring with corresponding holes that were slipped
onto two glass rods in the bottom of a cylin-
drical culture vessel. The culture vessels were
modified 70-by-100-mm glass algal storage jars.
Two glass rods, approximately 1.5 cm long by
| mm in diameter, were epoxied 2.75 in. apart
on the inside bottom of the culture jars. Rings
with a 3-in. o.d. and a 2.5-in. i.d. were cut from
Teflon sheeting to weight down the Nitex grids.
Four holes were punched into the ring at right
angles to each other (see Fig. 2).

Culture vessels were suspended in the recir-
culating cooling seawater in Plexiglass “‘baskets”
that fit into 70-gal aquaria (Fig. 3). The yokes
of the baskets were attached to a variable-speed
motor that gently shook the baskets during
prescribed periods of the experiments. The ves-
sels were not shaken during the first week of
the experiments so that the settled spores
could attach firmly to the Nitex substratum.

Each shaker unit was lighted continuously
by two 4-ft, 40-W cool white fluourescent tubes
that delivered an average of 1000 lux over the
surface of the shaker basket. In experiments to
determine the effects on sexual development,
3000 lux was supplied continuously after the
first week to stimulate sexual maturation.

The grids onto which the spores were pi-
petted were prepared as follows. Nitex nylon

Teflon ring

Nitex grid

Glass rod

Fig. 2. Diagram of a culture vessel, showing the arrangement of
the Nitex grid.

netting (75-jum mesh) was cut into circles 3 in.
in diameter. Four holes were cut at right angles
to each other to fit onto the posts epoxied on
the bottom of the culture vessels. The Nitex grid
was washed repeatedly in redistilled water, blot-
ted dry with paper toweling, and then arranged
in a single layer in a plastic phototray before
exposure to UV irradiation.* The washed grids
were placed under a UV hood for 3 to 12 h per
side, then examined under the microscope to
ensure that no plant material remained. Clean,
sterile grids were placed asceptically into indi-
vidual sterile plastic petri dishes and stored in
the UV hood.

The seawater used for these experiments
was trucked in from Bodega Bay and stored in
an underground reserve tank. Water from the
reserve tank must be distinguished from that
used for cooling the culture vessels and holding
laboratory specimens before experimentation.
The uncirculated seawater was filter-sterilized
by pressurized flow through a porcelain car-
tridge filter with a pore size of less than 0.45
/am. The sterilized water was stored at room
temperature, with aeration, in sterilized 5-gal
Pyrex carbuoys until needed.

One litre of culture medium consisted of
980 ml of filter-sterilized seawater mixed ascep-
tically with 16 ml of a stock phosphate/nitrate
enrichment solution plus 4 ml of a stock trace
metal solution. The phosphate/nitrate enrich-
ment solution was made by dissolving 3.500 g
NaNO03, 0.628 g NaHPO04, and 0.001 g KI in

Holes to hold-
culture vessels

Motor

FBasket
Basket
lowered

below Water

_water bath

line for
cooling

Fig. 3. Diagram of the shaker basket arrangement used to hold
the culture vessels.

*Chlorox bleach was not used as a wash because it attacked the
Nitex, making it brittle and rough. Ethyl alcohol was eliminated
because it did no better than repeated redistilled water washes
and because it increased the risk of organic contamination.



one litre of double-distilled water. The trace
metal enrichment solution was made by dis-
solving 0.2859 g H3BO4, 0.0360 g MnCl2,
0.0026 g ZnCI2, and 0.0010 g CoCI2 in 250 ml
of double-distilled water. Then, the pH of both
solutions was adjusted to 8.0, filter-sterilized,
and refrigerated until needed. Originally, the
trace metal mix recipe included Na2EDTA and
iron. Sodium-EDTA is a strong chelating agent
that could have complexed the copper spikes
as well as the iron which it was intended to
keep in solution. Also, trace metals can be
coprecipitated out of solution with iron. The
amount of soluble iron in seawater was found
to be less than the amount calculated to be
present as an impurity in the salts of the trace
metals mix (Byme and Kester, 1976). Thus an
iron deficiency was not expected to develop as
a result of its exclusion from the trace metal
enrichment solution. For these reasons, the
Na2EDTA and the iron were eliminated from
the culture medium.

Copper used to spike the experimental me-
dium was taken from a stock solution contain-
ing 5000 ppm copper (as copper chloride), dis-
solved in redistilled water, adjusted to a pH less
than 2, and stored in a polyethylene bottle.
This stock solution was used for all experiments;
its concentration was verified on several occa-
sions by flame atomic absorption spectropho-
tometry and differential pulse anodic stripping
voltammetry.

Collection of Plant Material

Sporophyll blades of Macrocystis pyrifera
were collected from the intake cove at the Dia-
blo Canyon power plant. Blades taken from
several plants at each collection were represent-
ative of the kelp population in the immediate
area. If differences in sensitivity existed among
individual kelp plants, this type of sampling
procedure ensured a more representative batch
of spores from the kelp population.

After collection, the plant material was
rinsed with sterilized seawater to remove loose-
ly attached ephiphytes. The individual blades
were wrapped in paper toweling and placed in a
plastic bag. The bag containing the blades was
placed on ice in a styrofoam chest which was
used for shipping. Several layers of plastic bags
were placed between the ice and the blade-con-
taining bag to prevent freezing. The ice chest
was transported to ELL where the blades were
used within 24 h of collection.

Laboratory Preparation

Ripe sporophylls were inspected for evi-
dence of damage and only the intact blades
(i.e., those with the fewest signs of breakage or
grazing) were used. Intact blades were neces-
sary because breakage leads to excessive mucus
production which, in turn, encourages the
growth of bacteria.

Healthy sporophylls were bent individually
into sterilized, 100 or 150 ml beakers (Fig. 4).
Filter-sterilized seawater was poured into the
beakers to cover the blades. Several beakers of
blades thus prepared were placed in a plastic
phototray that was covered with aluminum foil
to exclude light. The tray of beakers was refrig-
erated at 5°C for | h to trigger the release of
spores.

After | h, the spore suspension was checked
for its contents. In only one experiment was
the spore content particularly low so that more
than | h was required for adequate spore re-
lease. In earlier experiments when the spore sus-
pension check revealed the presence ofdiatoms,
the suspension was decanted, in the dark, into
a 500-ml graduated cylinder that was wrapped
in aluminum foil so that it was light-tight. The
suspension was allowed to settle overnight at
5°C. In later experiments, the settling step was
eliminated when we found that it did not
change the diatom contamination.

The newly released spores are light sensitive
and begin to settle within 5 minutes exposure
to laboratory light conditions. If they were
allowed to settle, a pipetting error might result.
Therefore, we created a reduced-light work area

Fig. 4. Diagram showing a ripe sporophyll blade folded into a
sterile beaker that will be refrigerated during the release of
spores.



by draping a black cloth over a laboratory
bench to eliminate light. A low-range light
meter (0 to 1.5 ft-candles) registered zero in-
side the blacked-out work area.

Under the reduced-light conditions, a sterile
pipette was used to take a small sample of the
spore innoculum to be counted with a hemocy-
tometer. This initial count was needed so that
the spore innoculum could be adjusted to the
desired concentration. A final count was made
to check for a pipetting error resulting from
spores settling on the walls of the graduated
cylinder during the time the grids were being
innoculated.

Disposable, sterile, plastic petri dishes con-
taining the Nitex grids were arranged on an ice
bath, in large plastic phototrays, in the “‘dark
room.” Spore innoculum was pipetted ascep-
tically onto each grid, after which the trays
were placed in light for 15 min. This settling
period allowed the spores to attach to the Nitex
grid.* The grids then were transferred to the
culture vessels that contained the enriched cul-
ture medium, appropriately spiked with copper
and cooled to the laboratory ambient water
temperature of 12 £ 1°C.

Water Sample Preparation

The grids were placed in clean culture ves-
sels with new culture medium each week. To
obtain measurements of the average total cop-
per in the medium to which the gametophytes
actually had been exposed, the medium from
all replicates of a given treatment or concentra-
tion level was pooled weekly. The pooled medi-
um was stored temporarily in a polyethylene
bottle, adjusted to pH 2 with concentrated HCI,
until the total copper analysis could be per-
formed.

Copper Analysis

After several experiments were concluded,
total copper was analyzed in one of two ways
depending on the initial spike concentration.
For initial spikes of 100 ppb copper or more,
total copper was analyzed with a Perkin Elmer
Model 303 flame atomic absorption spectro-

*The preliminary settlement step was included because early
attempts to pipette the spore innoculum directly into the cul-
ture vessels allowed a considerable portion of the developing
gametophytes to attach to the sides of the culture vessel. Al-
though settlement on the grids was random, the variation
among grids was great enough to prohibit comparisons among
treatments.

photometer. For initial spikes of less than 100
ppb copper, total copper was determined by
flameless atomic absorption spectrophotometry
using an HGA-2100 graphite furnace.

For experiments where the maximum con-
centration of copper spike was 50 ppb, differ-
ential pulse anodic stripping voltammetry
(DPASV) also was used to analyze for both la-
bile and total copper. This polarographic tech-
nique involves preconcentration of the metal
from the solution to be analyzed by depositing
it into the hanging drop mercury electrode
(forming Cu®). This analysis is more sensitive
than other voltammetric procedures because
actual analysis is made by anodically stripping
metal from the amalgam within the mercury
drop. The concentration of the copper-mercury
amalgam formed in the preconcentration step
depends on the stirring rate of the test solu-
tion, the deposition time during which a cur-
rent of known potential is applied to the
working electrode, the radius of the drop of
mercury, and the concentration of'the metal in
the solution (O’Dom and Siegerman, 1973). By
standardizing the first three parameters for all
analyses, the metal concentration in the test
solution becomes the dependent variable.

Counting Procedure

Gametophyte growth was monitored week-
ly by a counting procedure developed to be
consistent with the use of random statistics.
Gametophytes grow by producing new fila-
ments and by elongating existing ones. The re-
sulting “bushy” growth pattern means that the
percent cover methods or enumeration-type
growth monitoring methods are inaccurate be-
cause these methods are unable to account for
the three-dimensional aspects of growth. There-
fore, we devised a variation of a line-intercept
counting method. The number of filaments or
“branches” that crossed the plane of a microm-
eter line, 450 pm long at 200X magnification,
in each of 5 or 10 randomly placed fields on a
grid was taken as the index of growth of the
gametophytes on that grid (Fig. 5).

As the gametophyte grows, the chances that
a filament will cross the line increase, both for
filament production and for filament elonga-
tion. The drawbacks of this counting method
are encountered in two situations. First, a grid
with fewer gametophytes that grew more fila-
ments is indistinguishable in count from one
with more gametophytes that grew fewer fila-
ments. Second, where gametophytes of one



Fig. 5. Photomicrograph of the Nitex grid used to culture gametophytes, showing the relative sizes of the grid mesh and the microm-

eter line used for counting.

sex are differentially affected, the counting
method would not detect this difference. The
qualitative effects on growth that could not be
monitored by this counting method were re-
corded with photomicrographs of the grids
during different phases of some experiments.

Statistical Analysis

The graphs presented here were constructed
with a plotter program designed for the Hewlett
Packard Model 9820A calculator. The program
computes the Chi Square values for three types
of equations—straight line, power or exponen-
tial, and quadratic—and the user can select the
type of equation that has the smallest Chi
Square value. The program then plots the best-
fit curve for those points according to the cho-
sen type of equation.

The biological data was analyzed first by
hand, then checked using a computer program
that allowed the user to perform several dif-
ferent types of statistical tests. A single-factor
analysis of variance (ANOV) was performed

on the sum of the number of branches that
crossed the micrometer line in all ofthe 5 or 10
randomly placed fields for each replicate grid
to test for a difference among the mean values
of the populations of copper-treated and un-
treated grids. Where the ANOV results indicate
that the means of the populations were differ-
ent, this test does not specify which among the
means are different. The use of Dunnett’s Test
was a way of testing to see where the mean of
the control differed significantly from that of
each of the treatments. Because our experimen-
tal procedure was designed to compare the
growth of spiked cultures with that of a con-
trol, Dunnett’s Test was used in place of other
types of multiple comparisons tests.

Additionally, we compared the growth of
spiked cultures with that of controls and calcu-
lated the percent inhibition. The percent inhibi-
tion is defined as the mean number of branches
that crosses the micrometer line in the control
grid, minus the mean number of branches in
the treated grid, divided by Hie mean of the
control grid. (Xcon'roj — Xcu-V”control'



RESULTS

Types of Exposures

Several types of experiments were con-
ducted to determine comprehensively the ef-
fects of copper on the growth of gametophytes
of Macrocystis pyrifera. The first set of experi-
ments involved the continuous exposure of
gametophytes to various copper concentration
levels. The second set was designed to determine
the effects of copper exposure during particu-
lar stages of growth. The third type of experi-
ments involved determining the time required
for the gametophytes to recover from a pulsed
exposure to copper.

Kelp can be exposed continuously to cop-
per in environmental situations where the input
varys only slightly over time, such as during the
day-to-day operation of a power plant. This
type of exposure generally will be to less than
10 ppb copper. Interspersed with continuous,
low-range exposure, are periods of pulsed expo-
sures to higher copper concentrations, such as
during a shut-down in a power plant for routine
maintenance. Temporary high-range copper ex-
posure also could occur with the remobiliza-
tion of metal-laden sediments resulting from
storm action or bacterial metabolism. These
types of environmental situations can be simu-
lated in the laboratory with the use of continu-
ous- and pulsed-exposure experiments.

The continuous-exposure experiments were
divided into three categories, based on the con-
centrations of copper tested. Copper concen-
trations of 500, 1000, 2500, and 5000 ppb
were categorized as high-range. Concentrations
of 50 to 200 ppb copper were considered mid-
range. The low-range category was composed
of copper concentrations up to 50 ppb total
copper. The medium was changed once a week
in the high- and mid-range experiments and
twice a week in the low-range experiments. The
growth patterns of gametophytes exposed to
high- and mid-range copper concentrations sug-
gested that the copper in the medium was being
detoxified at concentrations below 50 ppb;
therefore, the ionic copper needed to be re-
placed more often at the lower levels.

Continuous High-Range Exposure

Experiments A and B were conducted with
high concentrations of copper using two differ-
ent concentrations of spore innoculum. Exper-

iment A used a high spore concentration,
whereas B used a low spore count.

Table | is a compilation of the data for Ex-
periment A. After a 1-wk exposure to copper
concentrations of greater than 500 ppb, ga-
metophyte growth was inhibited 100%. After a
2-wk exposure to 200 ppb copper, growth was
inhibited 80%, whereas 50 ppb copper sup-
pressed growth 67% of that of the controls.

Table 2 shows the total copper remaining
in the pooled water samples after a 1-wk expo-
sure to the gametophytes. The percent recov-
ery (defined as the total amount of the initial
copper spike divided by the mean total copper
measured in the water samples times 100)
ranged from 58% (1000 ppb) to 96% (100
ppb), with an average of 75% for all concentra-
tions in this experiment.

Table 3 presents the results of Experiment
B where a low concentration of spore innocu-
lum was exposed to high-range copper spikes.
After a 2-wk exposure to 200 ppb copper and
greater, growth was inhibited 100%; 50 ppb
copper suppressed growth by 56%.

The results from the analyses of total cop-
per in the pooled water samples are given in
Table 4. The “recoveries” followed a pattern
similar to the one seen for Experiment A. The
percent recoveries ranged from 49% (1000

Table 1. High-range copper concentrations,
Experiment A.

Mean number of
branches crossing

micrometer line Percent
Copper + std. dev. inhibition
concentration,
ppb Week 1 Week 2 Week 1| Week 2
0 (control) 43+29 29.0 = 8.5 0 0
50 2.0+ 1.4a 100280 53 66
100 11.8 £ 2.2b 17.5 £5.3b 0 40
200 3.5+ 1.9a 5.8 £2.9b 19 80
500 0.0b ele) 100 100
1000 0.0b 0.0b 100 100
2500 0.0b 0.0b 100 100
5000 0.0b o.0b 100 100

a Growth not statistically different than controls.
>Growth differs significantly from controls (Dunnett’s test,

p = 0.05).



Table 2. Results of Experiment A chemical analyses.

Sum of number of branches crossing micrometer

line (measured total copper, ppb)

Nominal copper

Mean measured total

concentration, ppb Week | Week 2 Week 3 Week 4 copper, ppb = std. dev.
0 (control) 17 (114)a 116 (80.2)a 214 (32.6)a 271 (26.2)a <
100 47 (96.3) 70(115.2) 80 (65.2) 115 (106.1) 95.7 + 21.8
200 14 (146.9) 23 (171.9) 21 (142.4) 49 (169.6) 157.7 + 15.2
500 0 (336.3) 0 (476.0) 0 (294.4) 0 (310.3) 354.3 + 83.0
1000 0 (609.5) 0 (557.7) 0(-)b 0(-) 583.6 + 36.6
2500 0 (1648.7) 0 (1944.1) 0(1313.3) o) 1635.4 £ 315.6
5000 0 (4034.0) 0 (3730.0) o) o) 3882.0+ 214.96

a Storage containers were contaminated.
b Water sample was not analyzed.

¢ Mean for contaminated samples was not calculated.

ppb) to 81% (5000 ppb), with an average of
65% for all concentrations in this experiment.
The composite of the results of the high-
range, continuous-exposure experiments (A
and B) are presented in Table 5. For initial
spikes of 500 ppb copper or greater, the per-
cent copper recovery ranged between 52%
(1000 ppb) and 79% (5000 ppb), with an aver-
age of 66% for all high-range concentrations of
500 ppb copper or more. The percent recov-
eries were 72% for 200 ppb and 100% for 100

Table 3. High-range copper concentrations,
Experiment A.

Mean number of
branches crossing

micrometer line Percent
Copper + std. dev. inhibition
concentration,

ppb Week 1a Week 2 Week 1 Week 2
0 (control) 27.0 + 14.9 195+ 7.5 0 0
50 16.0=2.8b 851350 41 56
100 9.5 + 5.7C 0.0C 65 100
200 6.8 + 3.6C 0.0C 75 100
500 9.5 £5.7C 0.0C 65 100
1000 1.5 + 1.0C 0.0C 94 100
2500 0.0C 0.0C 100 100
5000 0.0C 0.0C 100 100

a Used number of plants per field due to low spore concentra-
tion for Week | only.

k Growth not statistically different than controls.

¢ Growth differs significantly from controls (Dunnett’s test,
p = 0.05).
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ppb, with an average of 86% for these concen-
trations in Experiments A and B. The data in-
dicate that, despite concentration-related dif-
ferences, exposure to 500 ppb copper or
greater resulted in 100% inhibition of the
growth of the gametophyte within | wk. Ex-
posures of 200 and 100 ppb copper depressed
growth to approximately 85 and 60%, respec-
tively, after a 4-wk period.

A graph for Experiment B, showing the re-
lationship between growth (the total number
of branches in five fields for all replicates of a
given concentration) and time is given in Fig. 6.
Exposure to more than 500 ppb copper is seen
to result in total inhibition of gametophyte
growth. Microscopic examination of the grids
revealed that, after | wk, plant material deteri-
orated to the point of being unrecognizable.

250 k-Cu exposed 0 ppb Cu
200 |-
150 [-1000
100 ~
Time — wk

Fig. 6. Graph showing the effects on growth of gametophytes
exposed to high-range copper concentrations vs time (Experi-
ment B).
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Table 4. Results of Experiment B chemical analyses.

Sum of number of branches crossing micrometer
line (measured total copper, ppb)

Nominal copper Mean measured total copper
concentration, ppb Week la Week 2 copper, ppb = std. dev.
0 (control) 108 (41.5)b 78 (-)c ¢
100 38 (168.2)b 5 (120.1)b _d
200 27 (158.7) 0 (135.8) 147.3 £ 16.2
500 38 (365.9) 0 (339.7) 352.8 £ 18.5
1000 6 (517.3) 0(458.1) 487.7 +41.9
2500 0(-)c 0(1336.3) 1336.3
5000 0 (3918.3) 0(4152.0) 4035.2 + 165.3

a Used number of plants per field due to low spore concentration for Week 1 only,
b Storage container was contaminated.

¢ Water sample was not analyzed.
~ Mean of contaminated samples was not calculated.

Table 5. Composite of results for high-range copper concentrations, Experiments A and B.

Percent inhibition of growth relative to controls

Nominal copper Mean measured total copper,
concentration, ppb ppb £ std. dev. Week 1 Week 2 Week 3 Week 4
0 (control) 315+ 7.4a 0 61 63 58
100 100.2 £ 23.7 0 61 63 58
200 142.6 + 27.2 82 88 90 82
500 342.1 £ 67.5 100 100 100 100
1000 518.2 £ 82.1 100 100 100 100
2500 1635.4 + 315.6 100 100 100 100
5000 3941.1 + 170.8 100 100 100 100

a Storage containers were contaminated.

Continuous Mid-Range Exposure centration was low and the time required for a
given concentration of copper to alter growth

Experiments also were performed to test e -
D p to a statistically significant amount was shorter

the effects of continuous exposure to mid-
range copper concentrations on the growth of
gametophytes. From Table 6 we can see that
two patterns emerge that are repeated through-
out the experiments. First, as the initial spike
of copper increases, the time to obvious growth
retardation decreases. Thus in Experiment C,
the growth of spiked cultures was statistically

Table 6. Mid-range copper concentrations,
Experiments C and D.

Time after which growth differs
significantly from controls, wk
Copper concentra-

different from the controls after 2 wk of tion, ppb Experiment C Experiment D
growth in medium spiked with 200 ppb cop-

per, after 3 wk of growth in medium spiked 50 4 _
with 100 ppb copper, and after 4 wk of growth 75 3 4

in medium spiked with 50 ppb copper. The sec- 100 3 4

ond emerging pattern is biomass-related. In Ex- ;33 ; ;

periment C, the initial spore innoculum con-

11



than in Experiment D, where the spore innocu-
lum concentration was high. Thus for 200 ppb
copper, the growth of spiked cultures was sta-
tistically different from controls after 2 wk in
Experiment C (control mean = 7.75 branches;
see Table 7), and 3 wk in Experiment D (con-
trol mean = 19.3 branches; see Table 8). In
Experiment E (control mean = 5.8 branches,
see Table 9), growth was statistically different
at the p = 0.067 level after a 2-wk exposure to
this concentration.

Tables 10, 11, and 12 present the results
of the total copper analyses for Experiments C,
D, and E, respectively. In Experiment C (Table
10), the percent recovery ranged from 60% (50
ppb) to 80% (25 ppb), with an average of ap-

proximately 70% for the mid-range concentra-
tions as a whole. In Experiment D (Table 11),
total copper analysis gave slightly higher values
that probably were due to contamination of
the storage containers. The percent recovery
ranged from 76% (100 ppb) to 228% (25 ppb),
with an average of approximately 80% for
those analyses not obviously contaiminated
(100, 150, and 200 ppb). In Experiment E
(Table 12), the percent recovery ranged be-
tween 50% (50 ppb) and 77% (200 ppb), with
an average of approximately 67% recovery
for the mid-range concentrations as a whole.
These recoveries were consistent with those
calculated for initial spikes of greater than 200
ppb in the high-range experiments.

Table 7. Mid-range copper concentrations, Experiment C.

Mean Number of Branches crossing micrometer line * std. dev.
Copper concentration,

ppb Week 1 Week 2 Week 3 Week 4
0 (control) 7.8 £2.1 13.5 £ 6.8 60.8 £ 9.9 114.0 £30.1
25 5 £33 10.2 + 3.4a 64.6 + 17.8a 119.6 + 14.8a
50 6.6 £ 3.9a 10.2 + 4.0a 51.8 + 20.8a 79.0 + 21.9b
75 5.0+ 1.4a 12.8 £ 1.0a 31.0 = 11.5a 55.3 + 11.6b
too 4.5 + 2.4a 6.8 +4.3a 21.5 + 7.4b 31.3 £ 22.1b
150 6.8 £2.9a 3.3 £4.0a 3.3 + 1.5b 11.8 + 3.4b
200 3.5+3.1a 1.5+ 1.7b 2.5 + 1.0b 3.5 +2.5b

a Growth not statistically different than controls.
>Growth differs significantly from controls (Dunnett’s test, p = 0.05).

Table 8. Mid-range copper concentrations, Experiment D.

Mean number of branches crossing micrometer line + std. dev.
Copper concentration,

ppb Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
0 (control) 19.3 £4.5 34.7 £ 6.7 46.7 + 4.0 773 £5.9 102.3 + 13.7 101.0 £2.6
25 13.7 £ 4.1a 373 £ 11.1a 49.0 £ 13.9a 80.3 £ 6.7a 99.0 + 8.5a 95.7 + 11.0a
50 23.7 + 3.8a 41.7 £ 15.1a  63.7 £ 6.1a 71.0 + 9.0a 89.7 £ 7.5a 85.7 £ 6.8a
75 25.0 + 4.32a 43.3 £ 4.0a 58.7 + 12.9a 49.3 £ 6.4b 54.3 + 6.0b 44.0 +6.0b
too 18.3 + 3.2a 31.3 £+ 3.5a 29.0 + 5.6a 23.3 + 8.7b 26.7 £ 9.6b 23.7 £ 11.7b
150 22.0 + 4.4a 23.7 +2.1a 21.0 £ 1.7b 17.0 £ 2.6b 19.3 + 3.8b 17.3 =4.7b
200 16.7 + 4.0a 17.0 £ 4.6a 12.3 £ 7.5b 9.0 +4.4b 7.0 £ 2.0b 4.3 4.2b

a Growth not statistically different than controls,
b Growth differs significantly from controls (Dunnett’s test, p = 0.05).
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Table 9. Mid-range copper concentrations, Experiment E.

Mean number of branches crossing micrometer line + std. dev.
Copper concentra-

tion, ppb Week 1 Week 2 Week 3 Week 4 WeekS

0 (control) 5.8+ 1.0 10.3 £ 5.4 38.0 £ 8.6 62.5 £ 5.1 86.5 + 10.6
25 3.2+ 1.3a 5.0 £ 2.2a 24.4 £ 6.9b 57.0 = 10.32 52.8 £ 6.8b

50 4.8 + 2.8a 9.0 +2.4a 26.0 £ 4.8b 38.5 £ 5.2b 39.0 +=4.1b

75 43 + 1.92 5.5 + 3.7a 20.0 = 3.7b 30.5 £ 5.8b 27.3 + 8.2b

100 3.3 + 0.5a 53 +2.6a 7.5 +4.7b 16.5 £ 10.5b 16.3 + 7.1b
150 5.0 £ 0.82 5.5 + 1.3a 5.5 £ 2.9b 8.5 + 2.6b 8.8 £ 3.9b
200 3.8+2.2a 6.0 £ 2.9 6.5 + 5.3b 8.5 + 4.4b 9.3 + 7.4b

a Growth not statistically different than controls,
b Growth differs significantly from controls (Dunnett’s test, p = 0.05).

Table 10. Results of Experiment C chemical analyses.

Sum of number of branches crossing micrometer
line (measured total copper, ppb)

Nominal copper Mean measured total

concentration, ppb Week 1 Week 2 Week 3 Week 4 Week 5 copper, ppb + std. dev.
0 (control) 31 (9)a 54 (6.2) 253 (3.3) 403 (5.0) 450 (2.0) 4.1+ 1.9
25 29 () 42 (23.2) 270 (7.2) 339 (18.0) 494 (23.8) 18.1 + 7.7
50 30 (-) 45 (20.1) 226 (12.6) 280 (34.0) 351 (29.8) 24.1 £ 9.6
75 20 (D) 47 (25.6) 126 (88.0) 216 (44.0) 221 (53.0) 52.7 + 26.2
100 18 () 27 (23.3) 99 (87.0) 87(71.0) 122 (92.0) 68.3 +31.3
150 27 (5) 13 (112.6) 13 (115.9) 19 (99.1) 47 (99.2) 106.6 + 8.9
200 14 (- 6 (178.3) 10(158.6) 10(141.9) 22 (135.4) 153.6 = 19.2

a Water sample was not analyzed.

Table 11. Results of Experiment D chemical analyses.

Sum of number of branches crossing micrometer
line (measured total copper, ppb)

Nominal copper Mean measured total

concentration, ppb Week | Week 2 Week 3 Week 4 Week 5 Week 6 copper, ppb
0 (control) 58 (7.8) 104 (-)a HO (-) 232(-) 307 () 303 () 7.8
25 41 (19.9) 112(-) 147 (-) 241 (-) 297 () 267 (-) 19.9
75 75 (47.7) 130 (-) 176 (-) 148 (-) 163 (-) 133 () 47.7
100 67 (69.8) 96 (-) 95 () 70 (-) 80 (-) 7H-) 69.8
150 66 (94.7) 71 (-) 61 (-) 51 () 58 () 52 () 94.7
200 50 (137.9) 50 () 37 () 27 (-) 2H-) 13 () 137.9

a Water sample was not analyzed.
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Table 12. Results of Experiment E chemical analyses.

Sum of number of branches crossing micrometer

line (measured total copper, ppb)

Mean measured total

Nominal copper

concentration, ppb Week 1 Week 2 Week 3 Week 4 Week 5 copper, ppb = std. dev.
0 (control) 23 (-)a 41 (2.4) 152 (2.3) 260 (2.4) 343 (3.8) 2.7 0.7
25 1K-) 23 (61.7) 100 (56.0) 223 () 208 (53.7) 57.1 £ 4.1
50 19 () 36 (0 104 (107.0) 154 (65.8) 156 (73.2) 82.0 + 22.0
75 17 () 22 (82.8) 80 (99.9) 122 (84.8) 109 (90.7) 89.6 + 7.7
100 13 () 21 (76.0) 30 (62.0) 66 (89.0) 107 (76.0) 75.8 £ 11.0
150 20 (D) 22(100.0) 22(110.0) 34 (139.0) 35 (134.0) 120.8 + 18.8
200 15 () 24 (158.0) 26 (155.0) 34 (163.0) 37 (195.0) 167.8 + 18.5

a Water sample was not analyzed.

Table 13 is a composite of the results of
the mid-range copper concentration experi-
ments. The mean values and standard devia-
tions were calculated using all data regardless
of the possibility of contamination. If all ob-
viously contaminated samples are eliminated
(those in which the measured total was larger
than the initial spike), a pattern emerges that
is consistent with the biological data. The per-
cent recoveries for 25, 100, 150, and 200 ppb
are close to 75%, whereas those for 50 and 75
ppb are 48 and 57%, respectively.

In the experiments with spikes of 150 and
200 ppb, growth was essentially halted from
the time of initial exposure. Thus, the sum of
the number of branches crossing the microm-
eter line—a rough index of algal biomass—was
essentially unchanged throughout the exposure
period for the 150 ppb (1.2) and the 200 ppb
(1.0) copper concentrations. In contrast, for
cultures exposed to 100 ppb copper, the sum
tripled, and for 75 ppb copper, the sum of the

number of branches was quadrupled (4.4)
during the exposure period. For the exposure
to 50 ppb copper, the sum of the number of
branches increased nearly sixfold (5.7). The
sum of the number of branches increased by
a factor of 12.8 for gametophytes continuously
exposed to 25 ppb copper and by a factor of
10.1 for control cultures.

Figure 7 illustrates the effects on gameto-
phyte growth of copper concentrations be-
tween 25 and 200 ppb (Experiments C, D, and
E). In each graph, the expected pattern ap-
peared, increased copper in the medium resulted
in decreased growth of the gametophytes. The
biomass-related variation also appeared in the
graphs that were drawn to the same scale: as
the initial concentration of spore innoculum
increased, each family of curves exhibited the
inhibitory effects at a later period in develop-
ment. Pooled data from Experiments C, D, and
E is graphed in Fig. 8. After | wk, growth was
inhibited 27% by 200 ppb copper and 10% by

Table 13. Composite of results for mid-range copper concentrations, Experiments C, D, and E.

Nominal copper Mean measured total copper,
concentration, ppb ppb + std. dev.
0 (control) 39+2.0
25 32.9 +20.8
50 46.5 +32.4
75 63.6 +22.7
100 71.8 + 20.7
150 111.6 + 15.8
200 158.1 £ 19.3

Percent inhibition of growth relative to controls

Week 1 Week 2 Week 3 Week 4 WeekS
0 0 0 0 0
28 11 5 10 9
(1} 0 3 28 31
0 0 30 44 55
10 28 59 75 72
0 47 82 88 87
28 60 87 92 93
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Cu exposed

Time — wk
Cu exposed
0 | 2 3 4 5
Time — wk

100 ppb copper. After 2 wk of continuous
exposure to 100 ppb copper, growth was
depressed 27%, and 150 ppb copper resulted in
a growth suppression of 47%. After 5 wk,

1200

Cu exposed 0 ppb Cu

200 h

Time — wk

Fig. 8. Graph showing the effects on the growth of gameto-
phytes exposed continuously to mid-range copper concentra-
tions vs time for data pooled from Experiments C, D, and E.

15

Cu exposed

Time — wk

Fig. 7. Graphs showing the effects on the growth of
gametophytes exposed continuously to mid-range cop-
per concentrations vs time (a) Experiment C, (b) Ex-
periment D, (c) Experiment E.

cultures spiked with 50 ppb copper showed a
31% inhibition of growth, a 100-ppb copper
spike resulted in 72% growth inhibition,
a 150-ppb copper spike resulted in 87% growth
reduction, and a 200-ppb copper spike resulted
in 93% inhibition of growth compared to that
of the controls (Table 13). The growth of cul-
tures spiked with 25 ppb copper was not statis-
tically different in Experiment C after a 5-wk
exposure, although this period of exposure was
sufficient to cause growth retardation in Ex-
periments D and E. The pooled results indicate
a 9% growth inhibition for the three experi-
ments at this concentration.

The photomicrographs of the grids of Ex-
periment D recorded the physical appearance
of control and treated cultures. A photograph
of a control culture after 6 wk of growth is
shown in Fig. 9a and the effect of gametophyte
exposure to 50 ppb copper is shown in Fig. 9b.
The copper-exposed gametophytes were stub-
bier in appearance than the controls and lacked
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Fig. 9. 6-wk-old cultures of gametophytes exposed con-
tinuously to (c) 100 ppb copper, (d) 150 ppb copper,
(e) 200 ppb copper, and (f) 25 ppb copper.
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the distinctive sexual characteristics of the con-
trol plants. Photomicrographs showing the ef-
fects of 6 wk of exposure to 100, 150, and 200
ppb copper are given in Figs. 9c—e, respectively.
The treated cultures show a growth pattern
characterized by fewer, shorter filaments that
seem to branch randomly. At 200 ppb copper,
the plants exposed for 6 wk did not seem to
have progressed past the growth level that
would have been reached by some control cul-
tures after | or 2 wk.

The appearance of a 6-wk-old culture
spiked with 25 ppb copper is shown in Fig. 9f.
The gametophytes appear “normal,” in the
sense that there is some differentiation be-
tween sexual types, although the distinctions
are harder to draw in the treated cultures. The
number of filaments produced by the gameto-
phytes of cultures spiked with less than 50 ppb
copper seems to be roughly similar to the con-
trols. However, in these cultures the “viability”
of the treated gametophyte, i.e., the ability of
the gametophyte to produce sexual products
(eggs and antherozoids), does differ.

Continuous Low-Range Exposure

Four experiments were conducted involv-
ing continuous exposure of gametophytes to

low-range copper concentrations (< 50 ppb).
In the low-range experiments, the light regime
was changed to deliver 3000 lux continuously
after the first week of growth so that the ga-
metophytes may have been growing at a faster
rate, making any growth inhibition more obvi-
ous in a shorter period of time.

Table 14 presents the biological data for
paired Experiments F and G. Experiment F
was innoculated with halfthe concentration of
spore suspension as used in Experiment G. In
Experiment F, exposure to copper concentra-
tions of less than 50 ppb had no statistically
significant effect on growth, although a 2-wk
exposure to 50 ppb copper reduced the mean
number of branches by 17%. In Experiment G,
there was a statistically significant difference in
the growth of cultures spiked with 30 and 50
ppb copper after 2 wk of exposure to these
concentrations.

Table 15 shows the mean number of
branches for paired Experiments H and 1. As in
the previous two experiments, Experiment H
was innoculated with half the concentration of
spore suspension as used in Experiment I
Graphs of Experiments H and I are presented
in Fig. 10. Initial spikes of 20 ppb copper or
less had little or no effect on the growth of the
gametophyte, although spikes of 30 and 50
ppb copper depressed growth demonstrably.

Table 14. Low-range copper concentrations, Experiments F and G.

Mean number of branches crossing micrometer line + std. dev.

Experiment F
Copper concentra-

(percent inhibition)

Experiment G

tion, ppb Week 1 Week 2 Week 1 Week 2
0 (control) 13.8 £ 3.5 16.3+4.2 19.6 £ 5.4 21.2 £5.3
) () ©) )
10 11.9 £ 2.8a 17.8 £ 3.3a 20.3 + 3.2a 16.9 + 2.7b
(14) ) ) 20)
20 12.8 £ 2.9a 16.1 £ 3.6a 21.1 +6.6a 18.5 + 2.2a
@) @ ) 13)
30 13.1  3.5a 18.2 + 3.92 22.1 + 8.0a 14.5 + 3.5b
Q) ) ©) (32)
50 15.1 +£4.9a 13.5 £ 4.8a 23.8 + 3.4a 13.7 + 3.0b
) a7 () @35)

a Growth not statistically different than controls,

k Growth differs significantly from controls (Dunnett’s test, p = 0.05).
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Table 16 is a composite of the results of
Experiments F, G, H, and 1. The average per-
cent inhibition of growth after 2 wk of expo-
sure is 12% for the 10-ppb spike, 10% for the
20-ppb spike, 21% for the 30-ppb spike, and
28% for the 50-ppb initial copper spike. These
values were somewhat higher than those ob-
tained for the 25- and 50-ppb spikes in the
mid-range experiments.

Table 16 also presents the results from the
DPASV analyses of the test media for low-
range copper exposures. The gametophytes

have a profound effect on the medium: not
only do they complex the copper, they also ad-
sorb it. The amount of copper adsorbed by the
surfaces of the culture vessel was estimated by
measuring the total copper in the media that
had been stored for | wk in culture vessels with-
out algae. For nominal concentrations of 10,
20, and 30 ppb copper, the recoveries were 86
to 100%. Thus, the “loss” of copper attribut-
able to adsorption onto the culture vessel and
to formation of nonoxidizable copper com-
plexes, is about 15% of the total spike. For 50

Table 15. Low-range copper concentrations, Experiments H and 1.

Mean number of branches crossing micrometer line + std. dev.

Experiment H
Copper concentra- —

Experiment [

tion, ppb Week 1 Week 2 Week 3 Week 1 Week 2 Week 3
0 (control) 45+ 15 113 £ 3.0 12.8 + 3.7 1.9+ 0.9 73+ 1.8 154 3.9
10 3.9+ 0.8a 8.0 + 1.6b 15.7 £ 3.2a 2.5+ 1.4a 9.7 £2.7b 13.7 £ 3.2a
20 48+ 1.7a 9.7 +2.7a 153 + 1.8a 23 + 1.0a 6.4 £2.4a 8.8 +3.2b
30 4.8+ 1.7a 8.0 £2.7b 9.7 £ 2.0b 23+ 1.0a 6.5 = 1.5a 8.6 +2.1b
50 3.6 £ L.1a 6.6 £ 1.9b 9.6 £ 2.3b 1.9 £ 0.9a 3.6 £+ 1.7b 4.5 + 1.5b

a Growth not statistically different than controls,

b Growth differs significantly from controls (Dunnett’s test, p = (.05).

2 400

|— Cu exposed kCu exposed
E 200
o 100

Time — wk

Fig. 10. Graphs showing the effects on the growth of gametophytes exposed continuously to low-range copper concentrations vs
time for Experiment H (a) and for Experiment I (b).
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Table 16. Composite of results for low-range copper concentrations, Experiments F, G, H, and I chemical analyses.

Mean percent inhibition of growth relative
to controls (range)

Nominal copper

concentration,

ppb Week 1 Week 2

0 (control) 0 (1}

10 4 12
(0-14) (0-36)

20 2 10
(0-8) (2-28)

30 2 21
0-9) (0-46)

50 7 28
(0-12) (0-52)

aMeasured in media without algae.
“Measured in media containing algae.

ppb copper in culture vessels without algae, the
percent recovery rose to 95%, although the
absolute amount of copper lost to the culture
vessels remained in the 3-to-5-ppb range.

The question of how much copper was
available to the plant, i.e., how much the plant
“sees,” was estimated by DPASV analysis of
the amount of ASV-labile copper that was pres-
ent in the medium. The effect of the culture
vessel on copper lability was also determined
by analyzing media that had been stored for
I wk in vessels without algae. Of the approxi-
mately 11-ppb mean total copper measured for
a 10-ppb spike, 4.5 ppb was estimated to be
labile (Table 16); of the 17-ppb mean total
copper recorded for a 20-ppb spike, an average
of 11 ppb was labile. In addition, for a spike of
30 ppb copper, about 26 ppb could be recov-
ered, of which 20 ppb was calculated to be
labile; for a 50-ppb spike, 48 ppb copper was
detectable, of which 34 ppb was ASV-labile.

The ASV-labile copper content of algae-
exposed medium (Table 16) was determined as
above and found to range from 0.4 ppb (20
ppb) to 2.9 ppb (10 ppb), with an average of |
ppb over all concentrations in this low range.

Exposure of 1-wk-old Gametophytes

The second type of experiment was con-
ducted to determine the effects of copper on
various stages of gametophyte development.
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DPASYV mean measured copper,
ppb = std. dev.

Week 3 Total Labile
0 34 i 2.6a 1.1 £ 1.8
(2.6 £ 0.16)b 0.9 +0.1)
0 10.8 £+ 7.3 4.5 £4.9
(7.2+£2.4) 2.91+21)
17 174 + 114 11.3 £ 10.9
(0-34) (9.2 £ 3.6) 0.4
34 25.7 £+ 9.5 20.2 +11.0
(30-39) (13.0 £ 5.7) 1.2)
48 47.6 £ 0.2 33.8+ 1.8
(29-66) (14.9 + 4.3) (0.6)

High-range exposures were not performed be-
cause the algal material disintegrated after a I-
wk exposure at these copper levels. Gameto-
phytes at three stages of development were ex-
posed to mid-range copper concentrations from
50 to 200 ppb. Water samples were not col-
lected for these experiments.

Table 17 shows the results of exposure of
I-wk-old gametophytes to various concentra-
tions of copper (Experiment J). After a 1-wk
exposure to 150 and 200 ppb copper, growth
of the spiked cultures was statistically different
than that of controls.

After 2 wk of exposure, the growth of cul-
tures spiked with 50 and 100 ppb copper was
significantly depressed when compared to that
of controls. A graph of the total number of
branches crossing the line in each of five fields
for three replicates vs time is shown in Fig.
11a. The growth of the gametophytes was es-
sentially halted after a 1-wk exposure to con-
centrations greater than 100 ppb copper.

Exposure of 2-wk-old Gametophytes

The biological data for Experiment K in-
volving exposure of 2-wk-old gametophytes to
mid-range copper concentrations is presented
in Table 18. After a 1-wk exposure to 100 and
200 ppb copper, the growth of the spiked cul-
tures was statistically different than that of the
controls. A graph of the total number of



Table 17. Results of mid-range copper concentrations of Experiment J: Exposure of one-week-old gametophytes.

Mean number of branches crossing micrometer line + std. dev.

Copper concentra-

tion, ppb Week 1 Week 2
0 (control) 20.0 £ 2.0 43.7 + 3.1
(0) (0)
50 19.0 + 1.0a 42.0 + 8.92
(©)] “)
100 18.7 + 3.8a 33.7 +4.5a
(@) (23)
150 18.3 + 5.0a 27.3 £7.6b
()] 38)
200 17.7 +£6.4a 22.0 = 7.0a
12) (50)

a Growth not statistically different than controls,

(percent inhibition)

Week 3 Week 4 Week 5
67.3 £ 3.5 84.3 + 14.0 89.7 + 6.7
() ©) ©)
37.3 + 15.0b 41.7 + 8.1b 48.7 + 8.3b
45) (51) (46)
39.3 £ 8.5b 36.0 = 7.8b 29.0 + 2.6b
42) (57) (68)
29.3 + 2.3b 22.7 £ 9.1b 18.7 £ 2.3b
(56) (73) 79)
20.0 + 4.4b 14.0 £ 2.6b 7.7 + 2.9b
(70) (83) 1)

b Growth differs significantly from controls (Dunnett's test, p = 0.05).

£ 250 Cu exposed
0 ppb Cu
2 100
o 50
Time — wk
—— Cu exposed
0 ppb Cu
o 300
E 200

Time — wk

Fig. 11. Graphs showing the effects on the growth of (a) 1-wk-
old gametophytes (Experiment J) and (b) 2-wk-old gameto-
phytes (Experiment K) exposed continuously to mid-range
copper concentrations vs time.
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branches vs time is given in Fig. | 1b. As in the
previous experiment, growth of the copper-
exposed cultures was essentially halted during a
1-wk exposure to copper spikes of greater than
100 ppb. A photomicrograph of a control cul-
ture from this experiment taken after 6 wk of
growth is shown in Fig. 12a, the results of a
4-wk exposure to 100 ppb are given in Fig.
12b, and Fig. 12c shows the condition of the
cultures exposed to 200 ppb for 4 wk in this
experiment. In Fig. 12c, the size of the cop-
per-exposed 6-wk-old gametophytes, in terms
of the number of filaments, is seen to be
roughly similar to those of 2-wk-old control
cultures.

Exposure of 5-wk-old Gametophytes

Table 19 shows the results of continuous
exposure of 5-wk-old gametophytes to mid-
range copper concentrations. After a 1-wk ex-
posure to a copper spike of 200 ppb, the
growth of these cultures was statistically dif-
ferent from that of the controls. After 2 wk of
exposure to 200 ppb copper, the growth of
the spiked cultures differed significantly from
that of the controls. Figure 13, a graph of the
total number of branches crossing the microm-
eter line in five fields for all of three replicates
vs time, shows that the growth of the gameto-
phyte was essentially halted after a 1-wk ex-
posure to 200 ppb copper.



Table 18. Results of mid-range copper concentrations of Experiment K: Exposure of two-week-old gametophytes.

Mean number of branches crossing micrometer line + std. dev.

Copper concentra-

tion, ppba Week 3 Week 4
0 (control) 86.0 £ 9.2 99.0 +6.1
)
100 65.3 + 10.0b 59.0 + 11.1b
24 (40)
200 53.0 £ 10.2b 51.7 £ 12.0b
38 (48)

a Water samples not taken for this experiment,

(percent inhibition)

Week 5 Week 6 Week 7
110.3 + 8.4 123.0 + 10.6 152.7 £ 5.5
) (0) )
63.0 £ 16.7b 69.0 + 4.0b 51.3 £5.1b
43) 44) (66)
66.3 £ 12.5b 58.3 £ 13.6b 41.0 £ 7.0b
(40) (53) (73)

b Growth differs significantly from controls (Dunnett’s test, p = 0.05).

Table 19: Results of mid-range copper concentrations, Experiment L: Exposure of five-week-old gametophytes.

Mean number of branches crossing micrometer line + std. dev.

Copper concentra-

tion, ppba Week 6
0 (control) 123.0 + 10.6
)
100 115.3 +4.0C
(6)
200 87.0 + 8.9d
29)

a Water samples not taken for this experiment,
b Counted three fields for Week 8 only.

¢ Growth not statistically different than controls,

(percent inhibition)

d Growth differs significantly from controls (Dunnett’s test, p = 0.05).

Fig. 13. Graph showing the effects on the growth of 5-wk-old
Macrocystis gametophytes exposed continuously to mid-range

copper concentrations vs time (Experiment L).

Week 7 Week 8b
152.7 £ 5.5 84.0 + 2.7
(0) (0)
122.3 + 7.5d 68.3 + 5.9d
(20) 19)
100.7 £ 7.2d 45.7 + 6.8d
(34) (46)
10 ppb
Cu exposed
5 6
Time — wk
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Fig. 12. Photomicrographs of a 6-wk-old control culture of Macrocystis gametophytes (a) and of 6-wk-old cultures of gametophytes
exposed continuously for 4 wk to 100 ppb copper (b) and 200 ppb copper (c).



Effects of Copper on Egg Production

The effects of low-range copper concentra-
tions on the growth of various stages of the
vegetatively growing gametophytes was not
tested. The effects on gametophyte “viability,”
i.e., the ability of the gametophyte to produce
eggs, was tested only for continous exposure to
low-range copper concentrations.

In Experiments M, N, and O, continuously
exposed gametophytes were followed through
sexual maturation (see Table 20 for results).
Eggs rather than antherozoids were counted be-
cause the antherozoids are small (less than 5
pm in diameter) and motile, whereas the eggs
are large (20 pm in diameter) and nonmotile.

Cu exposed

Expt. N

Expt. M
Expt. O

Copper concentration — ppb

Copper spikes of 30 and 50 ppb inhibited the
production of eggs, but spikes of 10 and 20
ppb copper stimulated the production of eggs,
relative to controls. A graph of the total num-
ber of eggs that crossed the micrometer line vs
concentration is presented in Fig. 14.

Copper concentrations in the experimental
medium were determined by DPASV (see Table
21). The large standard deviations for the total
and labile measurements of the 10-ppb copper
spike were consistent with those found for the
vegetatively growing cultures. The total copper
measured for the 20-ppb spike was lower than
that for the vegetatively growing cultures (5 vs
19 ppb copper), although the less-than-1-ppb
value for the labile portion was consistent with

Fig. 14. Graph showing the egg productions by female gameto-
phytes vs copper concentration for gametophytes exposed
continuously to low-range copper concentrations.

Table 20. Composite of results for low-range copper concentrations, Experiments M, N, and O.

Mean number of eggs crossing micrometer line + std. dev.

Copper concentra-

tion, ppb Experiment M
0 (control) 33.3 + 35.6
(0)
10 45.3 + 18.5a
(0)
20 45.0 £ 30.0a
(0)
30 19.7 £ 15.0b
(41)
*
50 s
(100)

a Number of eggs does not differ significantly from controls,

(percent inhibition)

Experiment N Experiment O

243 + 11.9 7.0 £ 3.5
©) (©)
71.0 £ 110.2b 10.7 + 7.5a
(0) ()
85.3 + 37.5b 2.7 + 4.6C
0) (61)
0.0C 0.0C
(100) (100)
0.0C 0.0b
(100) (100)

k Number of eggs differs significantly from controls (Dunnett’s test, p = 0.05).

¢ Number of eggs differs significantly from controls (Dunnett’s test, 0.05 >p >0.15).



Table 21. Low-range copper concentrations, Experiments M, N, and O chemical analyses.

Sum of number of eggs crossing micrometer line
(measured copper, ppb DPASYV total/labile)

Copper concentra-

tion, ppb Experiment M

0 (control) 130

Q1

10 136b
-)

20 135b
Q)

30 59¢
Q)

50 0C
Q)

a Water sample not analyzed.
k Number of eggs does not differ significantly from controls.

Experiment N Experiment O

73 21
(3.9/0.8) (5.1/1.1)
213c 32b
(6.8 £ 0.9/3.6 + 1.5) (7.7 £ S.4/3.4 £ 3.0)
256¢ 8b
“) (5.1/0.4)
0C 0C
“) (18.8/1.2)
0C 0C
“-) (14.7/2.4)

¢ Number of eggs differs significantly from controls (Dunnett’s test, p = 0.05).

that measured in the vegetatively growing cul-
tures. The DPASV measurement oftotal copper
for the 30-ppb copper cultures was somewhat
higher than, although consistent with, that of
the vegetatively growing cultures (9 vs 13 ppb
copper). Like the concentrations determined in
the vegetatively grown cultures, the DPASV-
labile copper in algae-exposed medium of Ex-
periment O was in the 1-ppb range. Measure-
ments by DPASV of the total (15 ppb) and
labile (2 ppb) copper in media spiked with 50
ppb were consistent with those found in the
experiments of copper-exposed, vegetatively
growing gametophytes.

1-wk Pulsed Exposure

The third type of experiment involved
pulsed exposure of gametophytes to mid-range
copper concentrations. High-range copper con-
centrations were not tested because continu-
ous-exposure experiments at these concentra-
tions resulted in deterioration of the plant
material within | wk. Low-range copper con-
centrations were not tested because results of
the continuous-exposure experiments suggested
that no detectable effect would be found.

Spores were exposed for | wk to mid-range
copper concentrations. Table 22 presents the
biological data from Experiment P. The mean

number of branches crossing the line for all cul-
tures spiked with 50 to 200 ppb copper was
significantly different than the controls for |
or 2 wk after the spores were placed in control
medium. Although the growth-inhibition pat-
tern was not as evident as that seen for plants
which were continuously exposed, a graph of
the results of this experiment (Fig. 15) reveals
that 3 wk of growth in the control medium was
necessary before the growth of spiked cultures
was the same as the controls.

200 — 0 ppb Cu

150 —
Cu exposed

100 —

Time — wk

Fig. 15. Graph showing the growth of spores after a pulsed ex-
posure to mid-range copper concentrations vs time.



Table 22. Results of mid-range copper concentrations, Experiment P: pulsed exposure of spores.

Mean number of branches crossing micrometer line + std. dev.

Copper concentra-

(percent inhibition)

tion, ppba Week 1 Week 2 Week 3 Week 4 Week 5
0 (control) 15.7 + 1.2 34.7 £ 9.0 63.0 +£6.9 67.7 £5.7 50.3 £ 4.6
) ) ) 0) )
50 13.3 £2.1b 26.7 £ 5.7b 43.0 £ 12.2C 64.7 £ 4.2b 49.0 + 4.4b
aas) (23) (32) @) 3)
100 9.0+ 1.7C 21.0 £ 6.1b 39.7 + 3.8C 57.0 £ 6.2b 48.0 + 4.0b
43) 39) @37 (16) )
150 9.3 2.5 15.0 £ 2.6C 34.7 + 4.6C 63.7 £ 6.0b 46.3 £ 12.5b
(41) (7 45) (6) ®)
200 14.7 £ 2.1b 13.0 £ 5.2¢ 40.3 £ 5.9C 69.7 £ 6.5b 52.0 + 2.0b
(6) (63) 36) ) (0)
a Water samples not analyzed for this experiment.
~ Growth not statistically different than controls.
¢ Growth differs significantly from controls (Dunnett’s test, p = 0.05).
DISCUSSION

Copper toxicity to the gametophytes of
Macrocystis pyrifera can occur on several phys-
iological levels, and death of the plant may re-
sult from a combination of factors. By hypo-
thetically tracing the movement of a copper
ion from the surrounding medium into a plant
cell, we discuss the various systems that could
be affected by the presence ofa chemically ac-
tive heavy metal.

The cell wall of the Macrocystis gameto-
phyte is a complex structural polysaccharide
covered by a layer of mucus. These polysaccha-
rides are known to bind heavy metals. Studies
using gels of sodium alginate (a water soluble
extract of brown algae) have shown that upon
exposure to various heavy metals, stable metal
salts are formed that congeal the gel in direct
proportion to the bound ion content (Seeley
and Hart, 1974). Although Seeley and Hart did
not include a specific analysis of the effect of
copper exposure on the alginate gel, one would
expect copper to have the same effect.

In the gelatinous mucus layer surrounding
the cell wall, copper also could react to congeal
the mucus into a more dense polysaccharide.

Such a change in the protective mucus lining
could affect the plant by restricting the ability
of trace metals to move through the mucus to
the cell wall. Over time, this restriction would
produce a nutrient deficiency. Also by chang-
ing the structure of the polysaccharide via
cross linking between polymer units, the solu-
bility of the mucus layer could be reduced.
This solubility change could have an adverse
effect on the ability of the cell to chelate metal
ions in the medium by exuding fixed carbon.
Seeley and Hart (1973) further demon-
strated that alginate preferentially binds biva-
lent ions in the following order: lead and cad-
mium over barium over calcium and strontium
over magnesium. In addition, preferential bind-
ing of copper over cadmium and zinc has been
demonstrated for Ulothrix. Although the cell
walls of this green alga are composed of cellu-
lose, not alginic acids, the stability of the cop-
per-ligand complexes is believed to be greater
than that of most other heavy metal-ligand
complexes except lead or mercury (Ferguson
and Bubela, 1974). If copper ions displace the
metal ions bound in the cell wall, trace metal
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deficiences theoretically could develop where
copper had replaced some essential mineral.

Because the cell wall is integrally associated
with the cell membrane, increased accumula-
tion of copper in the cell wall could upset the
delicate ionic balance of the cell membrane.
According to current theory, copper ions out-
side the cell cause the loss of potassium ions
through the cell membrane, thus disrupting the
sodium pump (Ovemell, 1975). Once mem-
brane integrity has been lost, incursion of the
copper into the cell can occur.

Copper can bind increasingly to the cell
membrane, disrupting the membrane struc-
ture and causing the loss of cell contents. This
was observed when we exposed Macrocystis
gametophytes to copper concentrations of 500
ppb or more. At lower copper concentrations,
traumatic expulsion of the cell contents does
not occur, but copper can deactivate key physi-
ological systems (Nielsen and Wium-Anderson,
1970; Nielsen and Kamp-Nielsen, 1970).

The photosynthetic system of algae is vul-
nerable to heavy metal interference because
copper is a constituent of plastocyanin and
cytochrome oxidase, key components of the
electron transport chain. Indirect interference
by copper with the elements of the photosyn-
thetic apparatus could occur at the sodium
pump of a chloroplast membrane; copper is ex-
pected to behave here in a manner similar to
that hypothesized for its interference with the
cell membrane pump (Ovemell, 1975). Direct
interference by copper competing for metal
binding sites in the cytochromes (iron) or in
the chlorophyll molecules (magnesium) also
might lead to a disruption of photosynthesis
(Hill, 1963). Chlorophyll changes and carot-
enoid destruction are known to occur when
extracts of the pigments of Chlorella are ex-
posed to 10-3 M (1000 ppb) copper for as little
as 10 min (Gross, etai, 1970). In addition,
pure extracts of B-carotene, the major pigment
of both brown and green algae, break down in
less than 30 min when exposed to 10-4 A/ (100
ppb) copper (Gross, et al, 1970).

Copper interference with key enzyme sys-
tems can occur both directly and indirectly.
Competitive or noncompetitive inhibition of
metal cofactor binding sites on enzyme or sub-
strate molecules is an example of direct inter-
ference with a given enzyme system. Mineral
deficiences caused by the preferential binding
of copper to cell walls constitute an indirect
type of interference with enzyme function.
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Acute Toxicity Response oi Macrocystis
Gametophytes

At copper concentrations of 500 ppb or
more, disintegration of plant material was ob-
served for continuously exposed cultures. The
primary toxic response was rupture of the cell
membrane and extrusion of the cell contents.
At copper concentrations above 500 ppb, the
analyses for total copper in the stored water
samples did not show a consistent pattern of
copper removal, as was expected from the in-
teraction between the cationic binding sites on
the culture vessel walls and the copper in the
medium. At the higher concentrations, some
copper may have been lost by precipitation
and, consequently, may not have been trans-
ferred to the stored water sample. The poor re-
coveries at the higher concentrations also may
have been the result of an interaction between
the stored water sample (at pH 2) and the walls
of the polyethylene storage bottle. Polyethyl-
ene can react with acid over a period of time
and dissolve to some extent, creating potential
binding sites for metal ions.

Exposure of the gametophytes to mid-
range copper concentrations inhibited growth
in varying degrees of severity. The direct pro-
portionality of growth inhibition to increases
in copper concentration as well as the existence
of a biomass-related response at a given concen-
tration level imply that, at least in the 100-to-
200-ppb range, there is no functional regula-
tion of copper influx.

The severity of copper interference with
plant metabolic processes is exhibited by the
responses of the variously aged gametophytes
that were exposed continuously to copper con-
centrations between 100 and 200 ppb. In all
cases, the continuous exposure of 1-, 2-, and 5-
wk-old gametophytes to 200 ppb copper re-
sulted in essentially no growth after the time of
initial exposure. In most cases, the number of
filaments counted declined toward the end of
the experiments; because gametes were not
produced, this decline cannot be attributed to
the usual disintegration that follows the pro-
duction of sex products. Therefore, we con-
clude that the primary toxic effects of 200 ppb
copper on Macrocystis gametophytes are (1)
severe interference with the photosynthetic
and respiratory processes and (2), in cases
where filament number was reduced, loss of
cell membrane integrity (also characteristic of
the higher copper concentrations).



Exposure of variously aged, vegetatively
growing gametophytes to 100 ppb copper in-
hibited growth somewhat less severely than the
higher copper concentrations. During exposure
to 100 ppb copper, photosynthetic gains were
measured (as an increase in filament number),
suggesting that fixed carbon was being exuded
by the gametophytes to complex some of the
copper in the medium.

The chemical data for the mid-range copper
experiments show that the percent recoveries
for copper concentrations between 100 and
200 ppb were consistently near 75%. The ap-
parent “loss” of copper could have resulted
from (1) adsorption of copper onto the walls
of the culture vessels, (2) adsorption of copper
onto the walls of the storage containers, (3) ad-
sorption and absorption of the copper by the
algae, and (4) precipitation of copper out of
the medium in metal-organic complexes.

A biomass-related pattern appeared when
the results of the three experiments exposing
vegetative gametophytes of varying ages to
mid-range copper concentrations were com-
pared. Younger gametophytes (I to 2 wk old)
have a smaller biomass than the older gameto-
phytes (5 wk old). Consequently, the number
of possible binding sites and the ability of the
gametophyte to exude fixed carbon probably
are less in the younger plants. As a result, the
ability of the gametophyte to detoxify the
medium by binding or complexing the biolog-
ically active copper would be less in the 1- and
2-wk-old plants than in the 5-wk-old gameto-
phytes. This suggestion is supported by data
which show that 1- and 2-wk-old gametophytes
are inhibited 50 and 38% respectively, whereas
5-wk-old plants are inhibited 29% by a 1-wk
exposure to 200 ppb copper.

Continuous exposure to copper concentra-
tions between 50 and 100 ppb not only re-
sulted in an inhibition of vegetative growth,
but also in a qualitative change in the appear-
ance of exposed cultures. Microscopic examina-
tion of the spiked cultures revealed that the
sexual characteristics of gametophytes contin-
uously exposed to nominal concentrations of
50 and 75 ppb copper were less clearly defined
than those of the controls. Whether this “mask-
ing” of sexual characteristics was real or a man-
ifestation of selective pressure against one of
the sexual types is a question that could be re-
solved by exposing unisexual cultures to vari-
ous copper concentrations.
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Another anomaly observed in the copper-
exposed gametophytes was the tendency to
form ramified filaments, rather than the uni-
axial filaments typical of control cultures. Al-
though the role of growth hormones in Macro-
cystis pyrifera has not been firmly established,
auxin activity in this alga has been reported
(Provasoli and Carlucci, 1974). If branching of
the filaments is hormonally governed, as in
higher plants, specific interference of copper
with a growth-regulating hormone system is
possible.

Growth Strategy of Mid-Range Exposures

If all obviously contaminated water sam-
ples are excluded from our calculations, the
percent recoveries for the 50- and 75-ppb cop-
per spikes are 48 and 57%, respectively. In
contrast, for the other mid-range concentra-
tions (25, 100, 150, and 200 ppb), the percent
recovery is approximately 75%. If this drop
in percent recovery is a function of increased
adsorption or absorption of copper by the ga-
metophytes, a “‘growing strategy” can be pro-
posed for the mid-range spikes.

At copper concentrations below a critical
level, 50-ppb initial spike, the gametophytes
appear to function with little metabolic im-
pairment caused by the copper. The natural
“complexing capacity” of the seawater, in-
cluding such metal-binding moieties as protein,
carbohydrate, and lipid molecules, can com-
plex most of the biologically active copper.
The remaining active copper probably is bound
in the cell walls of the gametophytes and is
complexed with algal exudates. The gameto-
phytes thus effectively remove the toxic forms
of the metal from the medium. Both the bio-
mass of the gametophytes and the percent re-
coveries of the copper spikes are expected to
be relatively high because the metal would be
complexed by the extracellular material in the
medium.

At concentrations above this critical level,
50- and 75-ppb copper initial spikes, the com-
plexing capacity of the water is exceeded.
Thus the biologically active copper is bound
increasingly by the plant material and inter-
feres with the metabolism of the gameto-
phytes. Because the life functions of the plant
are not completely halted, some photosynthe-
tic gains can be measured in terms of filament



production, and an increased number of
potential binding sites are therefore created as
cell wall material is laid down. The biomass of
the gametophytes is expected to be somewhat
reduced from control levels because of some
growth inhibition and the percent recoveries
are expected to be lower because of increased
copper absorption and adsorption by the
gametophytes.

At increasingly higher copper concentra-
tions, 100-, 150-, and 200-ppb initial spikes,
the ability of the plants to detoxify the medi-
um by exuding fixed carbon is reduced. Severe
interference with photosynthesis and respira-
tion further reduces the production of cell wall
material and thus decreases the number of po-
tential binding sites for the uncomplexed
metal. Because the biomass of the gameto-
phytes is expected to be small, there should be
fewer potential binding sites. The percent re-
coveries of the copper spikes are expected to
be high because relatively little copper will be
bound to plant material.

Growth Strategy and Copper Speciation

Growth strategies, not metabolic regula-
tion, may account for the observed changes in
copper recoveries at nominal concentrations of
less than 50 ppb copper. The DPASV analyses
suggest a complex interaction among the algae,
medium, and culture vessel. The mean percent
recoveries for the low-range experiments were
generally higher than those for the mid-range
experiments. This may be partially due to the
fact that the DPASV analyses were performed
on fresh samples that had not been stored. The
consistency of the standard deviation for the
percent recovery (except for the 50-ppb copper
samples) suggests a relatively fixed number of
binding sites on the culture vessel surfaces.
However, it is possible that this deviation may
have been somewhat a function of pipetting
errors, because very small volumes of stock so-
lution (10 to 50 Ailitre) were added to make the
media.

The changes in the characteristics of the
medium after a 1-wk exposure to the gameto-
phytes reveal the dynamics of the interaction
between the plants and copper. Of the approxi-
mate 11-ppb total copper in the 10-ppb
spiked medium, about 7 ppb were recovered
after exposure to the plants (see Fig. 16). The
4 ppb copper not recovered probably was ad-
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sorbed by the plants and complexed into non-
oxidizable copper chelates. Measurements of
total copper in these water samples by graphite
furnace atomic absorption spectrophotometry
gave a mean recovered copper concentration of
7.8 ppb, suggesting that tightly bound copper
complexes are not an important loss mechan-
ism at this low copper level (10 ppb). Of the
approximate 4.5-ppb ASV-labile copper avail-
able to the plant, about 3 ppb remained labile
after the 1-wk exposure to the gametophytes.
However, the standard deviations for both
means were high enough to suggest that little
or no ASV-labile copper remained in the medi-
um after storage in the culture vessels, whether
or not gametophytes were present.

For nominal spikes of 20 ppb copper, ap-
proximately 9 ppb was recovered with the
DPASV analysis method of perchlorate-di-
gested, organic-copper complexes in gameto-
phyte-exposed medium. Measurements of total
copper by graphite furnace atomic absorption
spectrophotometry gave a mean recovered cop-
per content of 11.3 ppb, suggesting again that
“loss” of copper to nonoxidizable organic-cop-
per complexes is not a major factor. Although
the mean value for labile copper was approxi-
mately 11 ppb, the standard deviation was suf-
ficiently high to suggest that little or no ASV-
labile copper was available after a 1-wk exposure
to the glass culture vessels. After exposure to
the gametophytes, little or no ASV-labile cop-
per remained in the culture medium with nom-
inal spikes of 20 ppb copper.

For culture medium spiked with 30 ppb
copper, of which approximately 26 ppb was
recovered after perchlorate digestion, only
about 13 ppb was recoverable from cultures
containing algae. Analyses of total copper by
graphite furnace atomic absorption spectropho-
tometry gave an average of 10 ppb copper for
these samples. Again, this suggests that “loss”
of copper to nonoxidizable complexes is not
significant. The mean labile copper concentra-
tion available to gametophytes was 20 + 11
ppb (see Fig. 16). This suggests that the bind-
ing sites of the culture vessel and the natural
complexing capacity of the seawater from
which the medium was made were saturated,
and that the medium contained an excess of
ASV-labile copper. Growth of algae for | wk in
the medium resulted in the complexing of a
considerable portion of labile copper; the con-
tent of ASV-labile copper dropped to about |

ppb.



Nominal

Cu spike
Adsorption of Cu onto walls
Culture
vessel
Precipitation of Cu
Total Cu
Labi e Cu
Adsorption of Cu by algae
Algae » Formation of nonoxidizable Cu complexes
Complexation of labile Cu by algal exudates
Total Cu
Labile Cu
50 ppb Cu 30 ppb Cu 20 ppb Cu
Culture vessel
47.6 £0.2 25.7 £9.5
33.8 1.8 20.2 £11.0
14.9 +4.3 13.0 £5.7 9.2 £3.6

10 ppb Cu

10.8 £7.3

45449

7.2 £2.4

2.9 +2.1

Fig. 16. Diagram of the partitioning of labile copper in culture medium of low-range copper concentrations.
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For the 50-ppb copper spikes, about 48
ppb was detected after storage for | wk in the
culture vessels; nearly 34 ppb of this copper re-
mained ASV-labile. Total copper in the medi-
um, measured by DPASV, was approximately
15 ppb after a 1-wk exposure to the gameto-
phytes. Analysis of this water sample by graph-
ite furnace atomic absorption spectrophotom-
etry gave a total recovered copper content of
about 16 ppb, again suggesting that the forms
of the copper complexes were perchlorate-
digestable. After | wk of growth in the copper-
spiked medium, the algae had complexed essen-
tially all of the ASV-labile copper (see Fig. 16).

The proposed mechanisms for the interac-
tion of the gametophytes with the biologically
active copper in the medium are further sup-
ported by examining the percent recoveries for
the low-range, copper-exposure experiments.
The percent recoveries declined as the concen-
tration of the initial spike increased from 10 to
50 ppb copper. This decline can be attributed
to increased adsorption and absorption of cop-
per by the gametophytes.

Sexual Maturation and Copper Speciation

The effect of ASV-labile copper on the
production of eggs by the gametophytes fol-
lowed the pattern set by the plants in their
vegetative state: where a significant amount of
labile copper remained, egg production and
vegetative growth were inhibited; where copper
was complexed, egg production and vegetative
growth were enhanced. However, the effects of
copper on the viability of exposed eggs, i.e.,
the production of the sporophyte generation,
needs further study.

The stimulation of egg production and veg-
etative growth relative to controls at the lowest
copper concentrations suggests a growth re-
quirement for copper in a chelated form and a
synergistic interaction with or a substitution
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for a metallic nutrient that was not included in
our control medium. As discussed earlier, iron
was eliminated from the trace metal enrich-
ment, and molybdenum, included by some re-
searchers, (Sanbonsugu, personal communica-
tion, 1978; West, personal communication,
1978), was not included.

Pulsed-Exposure Recovery

The recovery of the gametophytes from a
1-wk exposure to mid-range copper concentra-
tions generally required about 3 wk. However,
the pattern of biomass-related differences in
the recovery period was not as well defined as
expected. By comparing the number of fila-
ments counted for two consecutive weeks at a
given copper concentration, a growth response
pattern appears. At the highest concentrations,
150 and 200 ppb copper, the number of fila-
ments produced during the first week after re-
moval of the metal-induced stress was un-
changed for the gametophytes exposed to 200
ppb copper and increased by a factor of 1.6
for plants exposed to 150 ppb copper. The fila-
ment increase factor for the control gameto-
phytes was 2.2. After | wk, the increase values
for gametophytes exposed to 50 and 100 ppb
copper were 2.0 and 2.3, respectively. This sug-
gests that the type or level of toxic response is,
as expected, more severe at higher copper con-
centrations.

However, an unexpected result appeared in
this experiment. Some of the metal-stressed ga-
metophytes grew more rapidly than the con-
trols in the second and third weeks after they
were transferred to the control medium. Per-
haps there was a mineral deficiency in the con-
trol medium for which copper-exposed gameto-
phytes were able to compensate. Whether these
metal-stressed gametophytes would have been
able to mature sexually is a question that has
yet to be resolved.



CONCLUSION

The physiological toxic effects of copper
on Macrocystis gametophytes can be divided
into three general categories. First, acute cop-
per toxicity is characterized by traumatic ex-
pulsion of the cell contents. This is probably
the result of cell membrane disintegration and
was observed at spikes of 500 ppb copper or
more.

Second, acute copper toxicity is character-
ized by varying degrees of growth inhibition,
resulting from the interference of copper with
photosynthesis, respiration, and enzyme func-
tion. At copper concentrations nominally be-
tween 50 and 200 ppb, when the metal-
induced stress is continued for 4 to 6 wk, the
gametophytes disintegrate at a rate directly
related to the amount of copper in the medi-
um. For pulsed exposures of 1-wk-old gameto-
phytes to mid-range copper concentrations,
the recovery of vegetative growth to control
levels takes approximately 2 to 3 wk. Whether
sexual maturation is impaired by the metal-
induced stress during the vegetative phase is
a question that needs to be answered.

Third, subacute toxic effects were ob-
served with initial spikes of 30 and 50 ppb
copper. At these levels, initial concentrations
of ASV-labile copper (probably less than 10
ppb) block the production of eggs in female
gametophytes. Whether this interference oc-
curs at one or several key enzymatic reactions
is unknown. With initial copper spikes of 10
and 20 ppb, little or no ASV-labile copper was
available to the gametophytes because the bio-
logically active metal forms are readily com-
plexed by the ligands naturally present in the
seawater and by those ligands exuded by the
plant.

Further experiments in a flow-through bio-
assay system, rather than our dish-culture sys-
tem, should solve the problem of maintaining
a more constant level of ASV-labile copper.
Although the acute toxicity levels for Macro-
cystis gametophytes have been successfully
established with the dish-culture bioassay, the
subacute effects of copper on Macrocystis
gametophyte sexual maturation need to be
tested in a flow-through system.
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